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Abstract An extensive meteorological observational dataset at Dome C, East Antarctic
Plateau, enabled estimation of the sensitivity of surface momentum and sensible heat fluxes
to aerodynamic roughness length and atmospheric stability in this region. Our study reveals
that (1) because of the preferential orientation of snow micro-reliefs (sastrugi), the aerody-
namic roughness length z0 varies by more than two orders of magnitude depending on the
wind direction; consequently, estimating the turbulent fluxes with a realistic but constant z0
of 1mm leads to a mean friction velocity bias of 24% in near-neutral conditions; (2) the
dependence of the ratio of the roughness length for heat z0t to z0 on the roughness Reynolds
number is shown to be in reasonable agreement with previous models; (3) the wide range of
atmospheric stability at Dome C makes the flux very sensitive to the choice of the stability
functions; stability function models presumed to be suitable for stable conditions were eval-
uated and shown to generally underestimate the dimensionless vertical temperature gradient;
as these models differ increasingly with increases in the stability parameter z/L , heat flux
and friction velocity relative differences reached 100% when z/L > 1; (4) the shallow-
ness of the stable boundary layer is responsible for significant sensitivity to the height of
the observed temperature and wind data used to estimate the fluxes. Consistent flux results
were obtained with atmospheric measurements at heights up to 2m. Our sensitivity study
revealed the need to include a dynamical parametrization of roughness length over Antarctica
in climate models and to develop new parametrizations of the surface fluxes in very stable
conditions, accounting, for instance, for the divergence in both radiative and turbulent fluxes
in the first few metres of the boundary layer.
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1 Introduction
The Antarctic ice sheet is a major energy sink for the Earth’s climate, and near-surface air
cooling over the Antarctic Plateau partially governs large-scale atmospheric and oceanic
circulations at low latitudes. Cassano et al. (2001) and King et al. (2001) showed that the
surface heat flux and surface drag over the plateau control coastal katabatic wind speeds,
which in turn affect tropospheric circulation in the Southern Hemisphere, the formation of
sea-ice and Antarctic bottom water. However, climate models still struggle to represent the
near-surface climate over the Antarctic Plateau mainly because their turbulence parametriza-
tion (King et al. 2001) and surface–atmosphere heat exchanges (Cassano et al. 2001) fail.
For instance, Freville et al. (2014) highlighted a surface positive temperature bias of 3–6K
during the polar night in ERA-Interim reanalyses (Dee et al. 2011) with respect to MODIS
satellite data. The bias was attributed to overestimation of the snow thermal active depth and
to the overestimation of the surface turbulent fluxes in stable conditions (Dutra et al. 2015).
Understanding near-surface turbulence behaviour in Antarctica is also crucial to improv-
ing analyses of exchanges of chemical species between the snow pack and the atmosphere
(Legrand et al. 2009; Dommergue et al. 2012; Frey et al. 2014; Angot et al. 2016) as well as
improving astronomical observations (Aristidi et al. 2005; Petenko et al. 2014).
In addition to the difficulty of obtaining meteorological observations because of the inac-
cessibility of the continent, the extreme climatic conditions, especially above the plateau,
make meteorological measurements and, hence, model validation a challenge. Moreover, the
sonic thermo-anemometers used tomeasure turbulent quantities through the eddy-correlation
method are affected by frost deposition and, consequently, difficult to operate. Alternative
methods have already been used to estimate the near-surface turbulent exchange. Carroll
(1982) and Town and Walden (2009) estimated the sensible and the latent heat fluxes as a
residual of the surface energy budget at the South Pole but, although this method gives a
first estimate of the heat flux, it does not distinguish between the contribution of sensible
and latent heat and does not give access to the surface drag. Alternatively, the ‘bulk method’
(Berkowicz and Prahm 1982) consists of calculating turbulent quantities using traditional
meteorological measurements at two levels in the atmospheric surface layer or at one level in
the surface layer and at the ground. The Monin–Obukhov (MO) similarity relations (Monin
and Obukhov 1954) can be used to retrieve turbulent fluxes; see Dalrymphe et al. (1966),
Kuhn et al. (1977), Stearns and Weidner (1993), King and Anderson (1994), King et al.
(1996), Van den Broeke et al. (2005) and Van As et al. (2006). Applying the MO relations
between the surface and one atmospheric level is also a frequently used method in climate
models for parametrizing surface drag and scalar fluxes at the surface. However, the applica-
tion of the MO similarity theory relies on unwarranted assumptions (Stull 1990). First, if the
bulk method is applied between the surface and one atmospheric level, then the aerodynamic
roughness length z0 and the roughness length for heat z0t and for humidity z0q are assumed
to be known. Then, the stability functions for momentum ψm , heat ψh and humidity ψq are
known for the whole range of stability encountered. Finally, the atmospheric level is located
in a steady atmospheric surface layer, where turbulent fluxes do not vertically diverge by
more than 10% (Stull 1990) and where the flow is stationary. These assumptions may be
problematic above the Antarctic Plateau.
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First of all, the atmospheric boundary layer (ABL) can be very stratified and shallow.
Using sodar measurements, Pietroni et al. (2012) showed that during summer ‘nights’, i.e.
when the Sun’s zenith angle is at its largest, the turbulent ABL height at Dome C on the
East Antarctic Plateau is often less than 50m. Given that the winter ABL is even more stable
(Genthon et al. 2013), the turbulent ABL may be only a few metres deep (Petenko et al.
2014). The surface layer, where turbulent fluxes do not diverge significantly and where the
MO theory is valid, is thus expected to be less than a fewmetres, or at most a few decimetres,
in depth. For instance, King (1990) reported the surface layer at Halley Research Station
(Antarctica) to be as shallow as 5m, and so knowledge of the atmospheric level at which
surface turbulent fluxes are retrieved is crucial. This key issue was already highlighted by
Cassano et al. (2001) for climate modelling over Antarctica.
Given the very stratified boundary layer over the plateau (Kovrova 1964; Hoinkes 1967;
Phillpot and Zillman 1970; Connolley 1996; Hudson and Brandt 2005; Dutra et al. 2015),
the stability functions that are valid under such conditions are uncertain. Indeed the stability
functions differ significantly (Högström 1996; Andreas 2002) with increases in the stratifica-
tion and when turbulence is intermittent (Lykossov and Wamser 1995; Mahrt 1998; Grachev
et al. 2005; Mauritsen et al. 2007; van de Wiel et al. 2012) or wave-dominated (Zilitinke-
vich et al. 2007, 2008a). Furthermore, in most studies that calculate surface fluxes over the
Antarctic Plateau using the bulk method, z0 is taken as constant (King and Anderson 1994;
Van den Broeke et al. 2005; Van As et al. 2006; Town and Walden 2009). However, Jackson
and Carroll (1978) and Inoue (1989) showed that the orientation of the sastrugi over the
Antarctic Plateau gives a variation in z0 of several orders of magnitude with a change in the
wind direction. Champollion et al. (2013) further pointed out that at Dome C, surface hoar
is blown out at lower wind speeds for flow perpendicular to the dominant axis of sastrugi,
underlining the fact that roughness likely depends on wind direction. Dutra et al. (2015)
assessed the sensitivity of roughness length in the Integrated Forecast System (IFS) model
over Antarctica, showing that a realistic change in z0 (in the range of variation due to the
wind direction on the plateau) may have a significant impact on the calculation of the surface
temperature.
The values of z0t and z0q are usually either taken as constant (Stearns andWeidner 1993) or
calculated using relations proposed byAndreas (1987); see for example Van den Broeke et al.
(2005) and Van As et al. (2006). However, the theoretical results of Andreas (1987) suffer
from a lack of validation, especially for z0q (Andreas 2002). Moreover, measurements by
King and Anderson (1994) and Cassano et al. (2001) at the Halley Research Station revealed
z0t to be greater than z0, disagreeing with Andreas (1987). Therefore, no clear consensus on
z0t or z0q values above Antarctic surfaces has been found so far.
A final reason why the classical MO theory is expected to fail in Antarctica is the presence
of wind-transported snow in the surface layer; see Barral et al. (2014a). Indeed, this snow drift
has been shown to have stabilizing effects on the atmosphere due to airborne snow particles
(Gallée et al. 2001), which are not taken into account in classicalMO theory. However, Libois
et al. (2014) showed that wind-transported snow events are sporadic at Dome C and are not
expected to affect the integrated surface fluxes over periods longer than a few days. This
effect is thus not discussed here.
Our aim here is to assess the uncertainties and sensitivities of the calculation ofmomentum
and sensible heat fluxes using the bulk method in a bid to improve the parametrization
of surface–atmosphere turbulent exchange over the Antarctic Plateau in climate models.
We use the suite of meteorological instruments at the French–Italian station Concordia on
Dome C. The paper is structured as follows. Section 2 briefly presents the in situ data used
herein and the main MO relations. Section 3 then gives the results of the sensitivity analysis
123
E. Vignon et al.
considering the impact of four parameters, z0, z0t , the stability functions and the height of
the measurements in the ABL. Finally, annual time series of momentum and heat fluxes at
Dome C are discussed. We conclude with recommendations and perspectives on improving
the surface-layer parametrization in climatemodels for application over theAntarctic Plateau.
2 Geographical Settings, Data and Methods
2.1 Dome C Atmospheric Boundary Layer
Dome C (75◦06′S, 123◦20′E, 3233m a.s.l.) is located on the high East Antarctic Plateau,
where the landscape consists of a white homogeneous flat snow desert covered by 0.05- to
0.3-m-high sastrugi (Frezzotti et al. 2005). The monthly mean 2-m air temperature varies
from approximately −27 ◦C in summer (December and January) to approximately −65 ◦C
in winter (Genthon et al. 2013). Because of the low temperature, the ABL at Dome C is
dry and the partial pressure of water vapour does not exceed a few tens of pascals. The 2-m
wind speed is relatively low (average 3m s−1) and wind direction is mostly south-westerly
(Aristidi et al. 2005). In summer, the ABL evolves with a clear diurnal cycle (Argentini et al.
2005; Genthon et al. 2010; Ricaud et al. 2012; Barral et al. 2014b; Gallée et al. 2015b). In the
daytime, it is dominated by convective activity (Mastrantonio et al. 1999; Georgiadis et al.
2002; Argentini et al. 2005), and the ABL height ranges between 100 and 350m (Pietroni
et al. 2012; Casasanta et al. 2014). At night, stable stratification is present and the ABL
becomes very shallow (a few dozen metres). The vertical wind profile shows a well-marked
Ekman-type spiral (Rysman et al. 2016) when it is not affected by a low-level jet (Barral
et al. 2014b; Gallée et al. 2015a). King et al. (2006) describe the surface energy budget (SEB)
at Dome C during summer in detail: given the dryness of the atmosphere, they show that
the latent heat flux is of minor importance and that the SEB thus consists as an equilibrium
between the sensible heat flux, ground heat flux and net radiative flux. In winter, owing to the
absence of sunlight, the ABL is generally stably stratified and features strong temperature
inversions with vertical gradients >2.5K m−1 in the first 40m (Genthon et al. 2013). The
winter season is sometimes affected by ‘warm events’ resulting from the advection of warm
andmoist air from the north,which interrupt the very stablewinterABL structure and increase
the tropospheric temperatures by tens of kelvin in a few hours (Argentini et al. 2005; Gallée
and Gorodetskaya 2010; Genthon et al. 2013).
2.2 In Situ Measurements
The permanent scientific station Concordia is jointly operated by the French and Italian
polar institutes at Dome C with all instruments described here below serviced year round.
Meteorological instruments are deployed at six levels on a 45-m-high tower (Fig. 1, left panel)
located 1km upwind of the station. Temperature and moisture are measured using Campbell
Scientific HMP 155 thermohygrometers, installed in mechanically ventilated shields in order
to avoid temperature biases due to solar heating in low wind conditions (Genthon et al.
2011). However, frost deposition on the shields that house the sensors may significantly
affect the measurement of humidity, particularly during the nights in summer and in winter,
when supersaturation occurs (Genthon et al. 2013). This technical hurdle and the limited
contribution of the latent heat flux to the SEB at Dome C are the reasons why latent heat
fluxes are neglected herein.
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Fig. 1 Meteorological settings at Dome C. Left panel 45-m-high tower. Middle panel 2.5-m system. Right
panel 3.5-m high mast. In the middle and right panels, the instruments used in the study are indicated in red
letters: A aerovanes, TH thermohygrometers, S sonic thermo-anemometer, P pyrgeometer and pyranometer
Wind speed and direction were measured with Young 05103 aerovanes. When the wind
direction is between 050◦ and 110◦, the measurements may be affected by the tower itself,
and so wind data sampled on the tower and whose direction is within this interval were
removed (approximately 9% of the whole dataset). Moreover, because the aerovane has a
starting threshold of 1m s−1, in what follows data for which the wind speed <1m s−1 should
be interpreted with caution. Details concerning the 45-m tower are given in Genthon et al.
(2010, 2013).
A complementary 2.5-m system (Fig. 1, middle panel) located around 300m from the
tower samples temperature and humidity at heights of 0.45, 0.9 and 1.9m and wind speed
and direction at 2.35m. Since January 2015, another anemometer has been used at 1.35m;
the anemometers and thermohygrometers are the same as those on the tower. All the afore-
mentioned instruments sample at 10-s intervals but only 30-min averages, minima, maxima
and standard deviations are retained. Turbulence is measured with a three-axis Metek USA-1
sonic thermo-anemometer fixed on a 3.5-m-high mast located 500m from the tower (Fig. 1,
right panel). The sampling frequency is 10Hz, and the planar-fit method (Lee et al. 2004)
was used to correct the measurements for sensor tilt. The turbulence characteristics were
obtained using the eddy-correlation technique and then averaged over a period of 1h. To
prevent biased measurements from affecting our dataset, the data were carefully filtered:
• Because of a small building located nearby (≈50m), sonic thermo-anemometer data with
wind direction ranging between 000◦ and 080◦ (8% of the whole dataset) were removed;
• For each hourly set of data, if the differences in temperature/wind speed between the
sonic thermo-anemometer data and the measurements at the lowest level of the 45-m
tower >4K/2.5m s−1, the sonic thermo-anemometer data were removed.
The upward and downward longwave and shortwave radiative fluxes were measured with
Kipp and Zonen CNR1 pyrgeometers and pyranometers installed 1.5m above the surface on
the 3.5-m mast. Here, we use the data from the pyrgeometers (Model KZ-CG3) to calculate
the snow surface temperature Ts using a snow emissivity  of 0.99 (Brun et al. 2012), viz.
Ts =
(
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Table 1 Technical characteristics of the meteorological instruments: height was measured on 1 January 2015
Instrument Type Accuracy Measurement heights (m)
Thermohygrometers HMP155 T: 0.17 ◦C; RH: 2.4% at
−40 ◦C
0.45 0.9 1.89 2.58 9.94
17.2 24.66 32.02 41.22
Aerovane Young 05103 Wind speed: 0.3m s−1,
direction: 3 ◦
1.35 2.35 3.1 8.62 17.82
25.18 32.54 40.95
Ultrasonic anemometer Metek USA-1 Temperature: 0.01 ◦C,
wind speed: 0.05m s−1
3.5
Pyrgeometer KZCG3 1K (arbitrary for the
surface temperature)
1.5
The accuracy of the instruments is that given by the manufacturers, except for surface temperature
where σ is the Stefan–Boltzmann constant, and LWdn and LWup are the downward and
upward longwave radiative fluxes respectively. Van den Broeke et al. (2004) showed that
the KZ-CG3 instrument performs well in polar regions, even better than its specification. To
check its performance, we compared the surface temperature measured with the KZ-CG3
pyrgeometer with the surface temperatures estimated from data from the Baseline Surface
Radiation Network (BSRN) (Ohmura et al. 1998; Lanconelli et al. 2011) for January 2014
(not shown here). The two datasets were in good agreement, except sometimes at noon and at
midnight, whenmaximum differences reached 1.6K. In what follows, we thus define a coarse
arbitrary accuracy of 1K for the surface temperature.All the technical information concerning
the meteorological set of instruments is summarized in Table 1. The meteorological fields are
assumed to be uniform on the horizontal plane between the tall tower and the 2-m and 3.5-m
masts. In what follows, we focus on the period 1 January 2014–28 February 2015, a period
covering more than 1year and temperature and wind measurements were rarely affected by
instrument failures. The annual snow accumulation height at Dome C is relatively constant
from one year to another and was estimated by Genthon et al. (2015) to be approximately
0.08m year−1; a decrease in the height of the instruments was thus calculated for the whole
study period considering a constant rate of 0.08m year−1.
2.3 Calculation of Surface Turbulent Fluxes Using the Bulk Method
The calculation of turbulent fluxes using the bulk method is based on the MO similarity
theory. Because our sensitivity studymainly aims to improvemodels that parametrize surface
turbulent fluxes between the surface and an atmospheric level, here we consider the MO
































where κ is the Von Kármán constant, g is the acceleration due to gravity, u is wind speed
at level zu , θ is the potential temperature at level zt , θs is the surface potential temperature,
u∗ and θ∗ are the friction velocity and temperature turbulent scale, θ is the mean potential
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temperature between level zt and the surface, and L is the Obukhov length. The termsψm and
ψh are the well-known stability functions of z/L , and so the system thus needs an iterative
solution. The turbulent surface stress τ and the sensible heat flux H are then deduced using
τ = −ρu2∗ (5)
H = ρCpw′θ ′ = −ρCpu∗θ∗, (6)
where ρ is air density, Cp is the specific heat of air at constant pressure, and w′ and θ ′ are
the turbulent fluctuations of the vertical velocity and the potential temperature respectively.
Fluxes are defined as being positive upwards. The stability functions used for unstable cases
(L < 0) are taken from Högström (1996) and are slightly modified forms of the functions
derived in Businger et al. (1971), which have been shown to be appropriate for the dry weakly
convective ABL (Högström 1996) typical of the daytime ABL at Dome C in summer. For
the stable ABL (L > 0), we compare the pair of functions ψm and ψh proposed in several
studies, the first from Holtslag and De Bruin (1988). These functions were recommended
by Andreas (2002) because of their physical and mathematical consistency in the very strat-
ified boundary layer. Moreover, they have been used to estimate the turbulent fluxes on the
Antarctic Plateau in several studies (Van den Broeke et al. 2005; VanAs et al. 2006; Town and
Walden 2009). A second set of functions used here was developed by Grachev et al. (2007)
for polar conditions from observations made during the Surface HEat Budget of the Arc-
tic Ocean experiment (SHEBA). We also test the linear functions from King and Anderson
(1994), whose coefficients were retrieved from regressions on vertical temperature and wind
profiles at the Halley Research Station. Finally, functions were taken from Lettau (1979)
because they were derived from observations at the South Pole, that is, in climatic conditions
similar to those at Dome C.
2.4 Non-stationary Data Filtering
MO theory requires a stationary state for momentum and temperature fields. Increased
unsteadiness is expected at Dome C, particularly during day–night transitions in summer.
Indeed, Joffre (1982) showed that the time scale for significant thermal unsteadiness decreases
as the surface heat flux approaches zero. To prevent significant unsteadiness from affecting
our flux calculations, we removed all 30-min temperature and wind data for which the 30-
min differences of the 0.9-m temperature and the 2.35-m wind speed are >2K and 1.1m s−1
respectively. Details of the determination of the latter thresholds are given in Appendix 1.
This filtering removed 4.4% of the whole dataset.
2.5 Propagation of Measurement Errors in Flux Calculation
In what follows, we assess the intrinsic uncertainties in the calculation of fluxes owing to
uncertainties in the temperature and wind measurements themselves, because they are given
within a range of confidence (Table 1).We use the samemethod as in Barral et al. (2014a): for
every 30-min data sample in 2014, we perform aMonte–Carlo test with 104 re-samples of the
meteorological fields in the interval [value−accuracy,value+accuracy] assuming uniform
distribution. Information on the accuracy of wind speed and temperature measurements is
given in Table 1. The fluxes are then computed for each sample, and for each 30-min flux
(u∗ and w′θ ′) datum, an uncertainty is then determined. It is common practice to take this as
twice the standard deviation (σ ) of the 30-min flux distribution. The bulk method is applied
here with commonly used values of the variables (Sect. 3): z0 = 0.56mm, z0t = 0.12mm,
zu = 2.35m, zt = 2.58m; the stability functions for stable cases are the pair defined in
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(b)(a)
Fig. 2 a Estimation of relative uncertainty (2|σu∗ |/u∗) on u∗ calculation using bulk method versus u∗.
b Estimation of relative uncertainty (2|σ
w′θ ′ |/|w′θ ′|) on w′θ ′ calculation using bulk method versus w′θ ′
Holtslag and De Bruin (1988). It is worth noting that the propagation of the measurement
errors is not very sensitive to the choice of stability function (not shown here). Moreover,
given that accumulation is not perfectly regular at DomeC throughout the year (recall that this
is the approximationmade to account for the decrease in the measurement heights with time),
an error of 0.02m in the value of zu and zt is also considered. The results of the sensitivity
test are summarized in Fig. 2. Figure 2a shows that the relative uncertainty in u∗ decreases
from about 100% for u∗ < 0.05m s−1 to less than 5% for u∗ > 0.4m s−1. This is consistent
with the fact that the relative uncertainty in u∗ mainly depends on the relative uncertainty on
the wind measurement that is higher at low wind speeds (or low u∗). Figure 2a also shows the
greater sensitivity of ψm for the stable ABL, which results in higher uncertainties in u∗ when
z/L > 0 (red dots). The relative uncertainty in the turbulent heat flux (Fig. 2b) climbs to
more than 100% as w′θ ′ approaches zero. This tendency is mainly driven by the fact that the
uncertainty in the heat flux increases as the potential temperature difference 	θ between the
ground and the atmosphere approaches zero. Figure 2b also shows an increase in uncertainties
in the heat fluxwith a decrease in u∗ (blue dots), revealing the impact of relative uncertainty in
the wind-speed measurement, which increases when the ABL is stably stratified (as already
seen for u∗). It should be noted that, because of self-correlation, no physical relationship
between the turbulent fluxes and their relative uncertainties can be derived from Fig. 2.
3 Results
Here we investigate, one by one, the four aspects of the MO relations that, as mentioned in
Sect. 1, we suspect of being responsible for biases in calculated surface turbulent fluxes at
Dome C. We give the reasons why these quantities are sources of error in turbulent fluxes
and quantify the associated sensitivity. Finally, we comment on the annual time series of u∗
and of the sensible heat flux.
3.1 Sensitivity to z0
3.1.1 z0 Estimation at Dome C
Here, we assess the range of variability of z0 over the sastrugied snow surface at Dome C.
Figure 3 shows z0 versus the wind direction given by the sonic thermo-anemometer, where
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Winddirection (o)
Fig. 3 Roughness length versus wind direction given by sonic thermo-anemometer at height of 3.5m. Dia-
monds show 5◦ bin averages (on logarithm of z0); and their colour refers to the range of surface temperatures
used to calculate the averages. The surface temperature Ts is in ◦C
the roughness length is calculated using Eq. 2 and u, u∗ and L are given by the sonic thermo-
anemometer. The stability function ψm used here for stable conditions is taken fromHoltslag
and De Bruin (1988). Because we wish to obtain z0 values that depend as little as possible
on the choice of stability function, we removed the data for which the stability parameter
|z/L| > 0.1 (Van den Broeke et al. 2005). Also, z0 data for which u∗ < 0.1m s−1 were
also removed based on visual examination. Indeed, small errors in the measurement of u∗
significantly affect the calculation of z0 since u∗ is small (Andreas 2011). Figure 3 highlights
the dependence of z0 on the wind direction, where z0 spans nearly three orders of magnitude,
from 0.01 to 6.3mm. The mean log10(z0) value is −3.25, i.e. z0 = 0.56mm. The latter
value is 10 times higher than the value obtained by King and Anderson (1994) at the Halley
Research Station in Antarctic coastal regions, but on the same order of magnitude as the
0.16mm value found over snow-covered surfaces at Kohnen Station (Antarctic Plateau) by
Van den Broeke et al. (2005) or the 0.75mm value over rough snow in Queen Maud Land
(Antarctica) found by Bintanja and Van den Broeke (1995). Our distribution of z0 also shows
clear symmetry around a direction of 200◦, where it reaches its minimum value; this wind
direction roughly corresponds to the prevailing orientation of the sastrugi (Fig. 4, left panel)
and the preferential wind direction (Fig. 4, right panel).
In Antarctic coastal regions, sastrugi have been shown to be shaped by wind erosion
when the snow is fresh or not sufficiently cohesive (Amory et al. 2016a). These conditions
occur frequently just after substantial snowfall events (Frezzotti et al. 2004; Amory et al.
2016a). At Dome C, this is not possible because the amount of snowfall is less than the
height of most sastrugi. Moreover, when a precipitation event occurs on the East Antarctic
Plateau, the air masses mostly arrive from the northern quadrant (Genthon et al. 2015) and
the wind direction is northerly, which is not in agreement with the orientation and shape of
the sastrugi observed in the field. At Dome C, the most probable mechanism responsible for
the formation of sastrugi is a post-precipitation erosion/deposition process. When the wind is
strong enough to snatch the snow particles from the ground, the flow of drifted snow creates
zones of depression and zones of deposition aligned with the direction of the wind. This is
the hypothesis defended by Gow (1965) for the South Pole and by Libois et al. (2014) for
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Fig. 4 Left panel Picture of snow surface from top of 45-m tower (17 January 2015). The arrow indicates
the geographic orientation. The south-south-west to north-north-east preferential orientation of the sastrugi is
clearly visible. Right panel wind rose of wind at 2.35m for all of 2014. The colours identify the wind-speed
ranges in m s−1. The percentages quantify the relative occurrence of flow for a given wind speed and in a
given range of direction
DomeC. The large scatter in Fig. 3 suggests that the roughness variations cannot be explained
by the wind direction alone. In parallel with the conclusions of Inoue (1989), no particular
dependence of z0 on wind speed was observed in our dataset (not shown here). Furthermore,
as significant drifting snow events are infrequent at Dome C (Libois et al. 2014), a likely
impact of drifting snow on roughness would not be expected in Fig. 3.
The diamonds in Fig. 3 suggest that z0 increases with an increase in the surface tempera-
ture. This cannot be explained by an effect of stability on z0, as explained in Zilitinkevich et al.
(2008b). Indeed, the data set used here restrains the range of stability, and the plot z0 versus
the bulkRichardson number Rib does not reveal a relationship between the two quantities (not
shown here). Some hypotheses have been proposed to explain this dependency on physical
temperature. First, according to Amory et al. (2016a), the increase in z0 with Ts could be due
to an increase in the amount of ice bonds when the snow warms up. Warmer snow becomes
cohesive more rapidly and is thus more able to build higher and harder reliefs, which are
less oriented with the wind and, thus, enhance surface roughness. However, the near-surface
temperature range reported in Amory et al. (2016a) has a lower bound of −30 ◦C, i.e. in the
very uppermost range of the surface temperature observed at Dome C. Consequently, it is
impossible to draw a direct parallel between our study and theirs. Second, a dependency on
surface temperature may mask a seasonal cycle of snow features. For instance, Libois (2014)
highlighted a seasonal cycle of surface snow density caused by stronger winds in winter than
in summer, resulting in increased snow densification in winter.
Champollion et al. (2013) showed that less hoar deposition occurs in winter than in sum-
mer. Hoar generally makes the snow surface rougher and may affect skin roughness, and its
absence would be one way to explain the decrease in roughness with no change in the form
drag owing to sastrugi.
However, the lack of sonic thermo-anemometer data in winter and the strong stratification
of the ABL in the polar night made it impossible for us to obtain a significant set of z0 values
for a large part of the year and to draw conclusions about seasonal variations in roughness at
Dome C. The question remains to be addressed in future studies.
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(a) (b)
Fig. 5 a u∗ calculated by bulk method (u∗calc) with different z0 versus u∗ estimated by eddy correlation
(u∗ec). b u∗ calculated by bulk method with z0 = 1mm versus u∗ estimated by eddy correlation. The colours
show the wind direction at 3.5m (measured by the sonic thermo-anemometer). The bulk method is applied in
this case between the ground and 2.35m for the wind and 2.58m for the temperature. z0t is estimated at each
timestep with the Andreas (1987) formula. The dataset used here contains all the data between January 2014
and February 2015 that respect the selection criteria (Sect. 2.2) and for which the stability parameter |z/L|
does not exceed 0.1
3.1.2 Sensitivity of u∗ to z0
Next, we consider the impact of variations in z0 on surface-flux calculations that use z0 as
a fixed parameter. The friction velocity u∗ is directly affected by the choice of z0. Figure 5
compares friction velocities calculated using the bulk method (u∗calc) with constant z0,
and obtained by eddy correlation u∗ec for near-neutral cases (|z/L| < 0.1). Panel a plots
the results of calculations using the mean value (0.56mm, black dots), the minimum value
(0.01mm, blue circles) and the maximum value (6.3mm, yellow circles) of the roughness
lengths estimated in the previous section. This figure highlights the large scatter of u∗ values
obtained using different yet realistic z0. As could be expected, the best comparison between
u∗calc and u∗ec is obtained with a mean value of z0. However, even taking the mean z0, the
mean relative error |u∗calc − u∗ec|/u∗ec is significant: 21%.
Panel b is similar to panel a, but u∗ is calculated with z0 = 1mm and the corresponding
wind direction is indicated in colour. Here, we illustrate results obtained with z0 = 1mm
because this is the value used in the studies by Brun et al. (2012) and Libois et al. (2014) at
Dome C using the CROCUS snow model and because it is very close to the value used in the
IFS model (1.3mm) at the grid point containing Dome C (Dutra et al. 2015). The amplitude
of the scatter observed in Fig. 5b is significant compared to the u∗ uncertainties estimated
in Sect. 2.5 and, as expected from the results in Fig. 3, depends on the wind direction. As
a consequence, u∗calc is overestimated when the wind direction is southerly (red dots in
Fig. 5b) and underestimated when the flow is perpendicular to the prevailing wind direction
(easterly or westerly, blue-green points in Fig. 5b). In this case, the mean relative error is
24%.
Finally, the apparently flat surface of Dome C exhibits a wide range of roughness because
of the presence of aligned sastrugi. Considering z0 as a constant parameter then leads to
biases of several tens of per cent in the calculation of friction velocity even in near-neutral
conditions. Next, we assess the surface roughness sensitivity by looking at the roughness
length for heat.
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3.2 Sensitivity to z0t
3.2.1 z0t Characterization at Dome C
Andreas (1987) developed a theoretical model showing that the ratio z0t/z0 depends on flow






= b0 + b1[ln(R∗)] + b2[ln(R∗)2], (7)
where ν is the kinematic viscosity of air and b0, b1 and b2 are real coefficients (Andreas
1987). Equation 7 predicts z0t/z0 = 3.49 in a smooth flow regime (R∗ < 0.1) and then a
rapid decrease in this ratiowhen the flow regime becomes aerodynamically rough (R∗ > 2.5).
Here, it was not possible to retrieve roughness lengths for temperature at Dome C from the
sonic thermo-anemometer measurements using the MO relation for temperature (Eq. 18 in
Appendix 2). First, the errors in the estimation of z0t in near-neutral conditions are significant
because they are proportional to θ−1∗ (Appendix 2). This means situations with non-neutral
ABL must be selected. However, the values of z0t obtained then greatly dependent on the
choice of the stability functions because the latter diverge with an increase in stability (or
instability). Therefore, we chose an alternative method that consists in fitting the temperature
measurements along the tower and the 2.5-m mast with a logarithmic law. We kept the fitted
profiles which respect to the following criteria:
• The regression coefficient is >0.99;
• The ABL is near-neutral: |z/L| < 0.1 and |Rib| < 0.02; (here Rib is the bulk Richardson
number calculated between approximately 2.5m and the surface);
• A lower limit of 10−8 mwas set in our z0t dataset because values lower than this threshold
value have no physical meaning (Bintanja and Van den Broeke 1995) since they probably
result from remnant non-steady periods.
z0t is then estimated using the MO similarity relation for temperature (Eq. 18) and the
regression parameters. We obtain a sample of 60 z0t data that comply with these criteria.
Considering the scarcity of both near-neutral and stationary atmospheric surface layers at
Dome C, this result is reasonable. The mean value obtained for log10(z0t ) is −4.7, which
corresponds to z0t = 0.02mm. Figure 6 shows the behaviour of the ratio z0t/z0 with R∗.
When the 2.35-m flow is southerly, the z0t/z0 given by Andreas (1987)’s model (thick
black line) shows a similar dependence with R∗ and a slightly overestimated mean value
compared to our dataset (orange and red circles). Andreas (2002) and Sicart et al. (2014)
show that z0t/z0 versus R∗ plots suffer fromnotable artificial correlations because z0 is shared
in both the y- and x-axes (e.g. Hicks 1978). To investigate the extent to which R∗ and z0t/z0
are intrinsically correlated, we calculate the correlation coefficient between z0t/z0 and R∗
associated with the fictitious correlations using Eq. A.16 in the appendix in Andreas (2002).
As in our dataset, the variance of log10(z0t ) is much larger than the variance of log10(z0), the
correlation coefficient −0.28. The tendency of our data to behave like the Andreas (1987)
model in Fig. 6 is thus not only a signature of self-correlations but is driven by physical
processes. However, many more z0t data are needed to corroborate this result.
When the wind direction is north-westerly (cyan circles), the ratio z0t/z0 is much higher
and better matches the formula corrected by Smeets and van den Broeke (2008) (thin black
line in Fig. 6). Smeets and van den Broeke (2008) tested Andreas (1987)’s formula in an
ablation area over the Greenland ice sheet and on an ice cap in Iceland. They reported an
overestimation of z0t by theAndreas (1987)model over hummocky icewith z0 > 1mm.They
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Fig. 6 Decimal logarithm of z0t/z0 ratio versus decimal logarithm of R∗. z0t is estimated from logarithmic
fits of vertical temperature profiles and z0 is estimated using sonic anemometer measurements with Eq. 2.
Colours show the wind direction at 2.35m. The thick black curve is the plot of the Andreas (1987) (A87)
formula. The thin black curve is the plot of the Andreas (1987) formula with corrections by Smeets and
van den Broeke (2008) (S08) when z0 exceeds 1mm
attribute this overestimation to a roughness sublayer between hummocks that allows more
efficient ventilation of the substrate (Colbeck 1989). Our observation at Dome C suggests
that when the flow is perpendicular to the preferential orientation of the sastrugi, and thus
when the roughness length seen by the flow is greater than 1mm (Fig. 4), sastrugi play a role
similar to that of hummocks, and the ratio z0t/z0 is much higher than that predicted by the
Andreas (1987) model. Although many more data are needed to strengthen this hypothesis,
henceforth, the correction of Smeets and van den Broeke (2008) will be added to take into
account the departure of z0t to the Andreas (1987) model when the flow is perpendicular to
the sastrugi.
Finally, our results disagree with the conclusions of King and Anderson (1994) and
Cassano et al. (2001), who found z0t  z0. Cassano et al. (2001) mention that obtain-
ing z0t  z0 may not be a physical result but rather a consequence of the contribution of
gravity waves, which is not taken into account in the MO theory. Because in our study we
focus on near-neutral conditions, the local activity of gravity waves is not expected to affect
our measurements and no conclusion about a possible effect of the static stability or the
activity of gravity waves on the z0t estimation can be drawn.
3.2.2 θ∗ Dependency on z0t
The choice of z0t is expected to have a significant effect on the calculation of the sensible
heat flux using the bulk method. However, the sensible heat flux depends significantly on
the choice of both z0 and z0t (Eq. 6). We thus assess the sensitivity to z0t of the variable θ∗,
which is directly affected by z0t and much less by z0 when calculated by the bulk method.
Figure 7a compares the values of θ∗ obtained with the bulk method with the value estimated
by eddy correlation from the sonic thermo-anemometer dataset. Here, we compare the results
obtained using four different but constant z0t : 8.0mm is the value obtained by Cassano et al.
(2001) to optimize calculation of the sensible flux at the Halley Research Station, 51mm
is the mean value obtained by King and Anderson (1994) at Halley, 0.02mm is the mean
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(a) (b)
Fig. 7 θ∗ calculated by the bulk method (θ∗calc) with different z0t versus θ∗ estimated by eddy correlation
(θ∗ec). Left panel The calculation is done with constant z0t values, and z0 is assumed to be equal to 0.56mm.
Right panel The calculation is done applying the formula developed by Andreas (1987) but using different z0
values. The bulk method is applied between the ground and 2.35m for wind measurements and between the
ground and 2.58m for temperature measurements. The stability functions used in stable conditions are those
from Holtslag and De Bruin (1988). The dataset used here contains all the data between January 2014 and
February 2015 that respect the selection criteria (Sect. 2.2) and for which the stability parameter |z/L| does
not exceed 0.4
Table 2 Minimum, maximum and mean values of z0t (in mm) obtained with the Andreas (1987) relation
using different constant values of z0
z0t Minimum Mean Maximum
z0 = 0.01 mm 0.022 0.033 0.035
z0 = 0.56 mm 0.017 0.12 2.0
z0 = 6.3 mm 0.00068 0.22 14
Values are in millimetres. The means are calculated on log10(z0t ). The bulk method used to calculate the
turbulent quantities is applied between the ground and 2.35m for wind measurements and between the ground
and 2.58m for temperature measurements. The stability functions used in stable conditions are taken from
Holtslag and De Bruin (1988). The dataset contains all the data between January 2014 and February 2015 that
respect the selection criteria (Sect. 2.2) and for which the stability parameter |z/L| does not exceed 0.4
value we obtained in our study and also the value used in Van As et al. (2006) for the snow
field at Kohnen Station, and 0.1mm is the value used in the IFS model to produce the ERA–
Interim re-analyses. The plot in Fig. 7b is similar to that in Fig. 7a, but θ∗ is calculated using
the Andreas (1987) formula for z0t/z0 with different values of z0: the minimum, maximum
and mean values estimated in Sect. 3.1. The characteristics of the z0t values obtained are
listed in Table 2. We only compare θ∗ data for which |z/L| < 0.4. This interval is a good
trade-off to examine θ∗ values that do not depend too much on the choice of the stability
functions and that do not correspond only to cases with low heat flux, i.e. cases affected by
measurement uncertainties (Sect. 2.5). Figure 7a reveals that the θ∗ best match is obtained
for low z0t values: 1.3 × 10−4 and 2 × 10−5 m. z0t values estimated at the Halley Research
Station lead to notable overestimation (up to a factor of 4) of the norm of θ∗. As expected
from Fig. 6, Fig. 7b shows that the Andreas (1987) model provides a reasonable comparison
of θ∗, particularly in unstable conditions. The two panels of Fig. 7 show that large biases of
θ∗ occur when θ∗ec > 0, even using a low z0t . Rather than reflecting the overestimation of
z0t (z0t  10−5 m would be non-physical), this probably points to an overestimation of the
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mixing as a result of a bias due to the stability function for heat. This issue is the subject of
the next section.
3.3 Sensitivity to the Stability Function in Stable Conditions
The calculation of turbulent fluxes using the bulk method has been shown to be very sensitive
to the choice of roughness lengths. To analyze sensitivity to the choice of the stability functions
thus requires independence of the roughness lengths. One way to do this would be to apply
the bulkmethod between two levels ofmeteorological measurements in the surface layer with
different stability functions. Given that the surface layer is often very shallow at Dome C,
the two measurement levels are necessarily close to each other. This leads to very large
uncertainties in wind speed and temperature differences and hence to a large spread of the
resulting flux data (not shown here). Nor does this method allow access to the shape of the
stability function with stability, which is interesting additional information. Another possible











where theφm,h functions are related toψm,h functions byψm,h(ζ ) =
∫ ζ
0 (1−φm,h(ζ ′)) dζ ′/ζ ′,
with ζ = z/L (Paulson 1970). The vertical gradients of wind speed and potential temperature
in the surface layers are obtained by fitting the vertical profiles (between 1.35 and 3.1m for the
wind speed and between 0.45 and 2.58m for the temperature) to a second-order polynomial
(Grachev et al. 2005),
x(z) = c1 ln(z)2 + c2 ln(z) + c3, (10)
where x is either θ or u and c1, c2 and c3 are polynomial coefficients. The vertical gradient
of wind speed (du/dz) and temperature (dθ/dz) is taken at 3.5m, the height at which the
sonic thermo-anemometer acquires its measurements. To avoid erroneous values of dθ/dz
due to errors in temperature measurements, we only kept the fits with regression coefficients
>0.99. This corresponds to 91% of the temperature profiles in stable conditions. Figure 8
shows scatter plots of φm and φh versus the stability parameters z/L . It also compares the
behaviour of the four pairs of dimensionless gradients related to the four pairs of stability
functions derived in Lettau (1979), Holtslag and De Bruin (1988), King and Anderson (1994)
and Grachev et al. (2007) (for detailed formulae, see Appendix 3). Baas et al. (2006) showed
that φh(z/L) and φm(z/L) plots suffer from the artificial effects of self-correlations. This
is particularly important in the derivation of appropriate stability functions from in situ
measurements, but this is beyond the scope of the present study. Here, following the approach
of Baas et al. (2006), we carefully checked that such self-correlations did not affect our
main conclusions about the comparison between φm and φh data and classical models (not
shown here). Figure 8a shows that all the dimensionless gradient models tend to slightly
underestimate φm . One hypothesis to explain this bias is that when z/L increases, the sonic
thermo-anemometer at 3.5m protrudes over the atmospheric surface layer and consequently
measures slightlywithin the part of the Ekman layer (Grachev et al. 2005; Rysman et al. 2016)
where the turbulent momentum fluxes have diverged significantly from the surface and where
the flow rotateswith height because of theCoriolis force. The depth of the atmospheric surface
layer at Dome C is discussed in more detail in the following section. Another point worth
noting is the major underestimation of φh by the common functions except by the Lettau
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(a) (b)
Fig. 8 a,bDimensionless gradients estimated directly from in situmeasurements (black x) and calculatedwith
different stability functions in the literature versus the stability parameter z/L (obtained by eddy correlation
at 3.5m). (a): φm . (b): φh . In the legend, H88 refers to Holtslag and De Bruin (1988) functions, G07 refers to
Grachev et al. (2007) functions, K94 refers to King and Anderson (1994) functions and L79 refers to Lettau
(1979) functions
(1979) model (Fig. 8b). One hypothesis is that in stable conditions, the temperature profile
in the first few metres of the ABL at Dome C is not entirely governed by turbulence but also
or even mainly by divergence in the radiative fluxes (Garratt and Brost 1981; Andreas 2002;
Hoch et al. 2007; Anderson 2009; Steeneveld et al. 2010). The radiative divergence may
enhance the temperature profile curvature near the surface (Estournel and Guedalia 1985)
and may also increase the divergence of turbulent heat fluxes close to the surface. This would
lead to an increase of the slope of the observed φh (Garratt and Brost 1981). Moreover, in
very stable conditions, the stable ABLmay becomemechanically decoupled from the surface
and enter a purely radiative regime (van de Wiel et al. 2003) that does not obey MO laws.
Given that the Lettau (1979) φh model was obtained using temperature profiles at the
South Pole that are quite similar to those at Dome C, the model may implicitly encompass a
radiative component. Andreas (2002) particularly underlined the unrealistic steepness of the
Lettau (1979) φh function for surface layers governed by turbulence. Therefore, the role of
radiative divergence in the surface layer may explain the quite good agreement between our
φh estimations and the Lettau (1979) model, as well as the failure of the others.
Because no pair of dimensionless gradients exhibits good agreement for both φm and φh ,
the functions obtained by Holtslag and De Bruin (1988) will be used as references hereafter
since they have been shown to be physically consistent in a very stable ABL and have been
used in several studies of surface Antarctic fluxes. The influence of the choice of the stability
functions on u∗ and w′θ ′ is illustrated in Fig. 9. The relative difference of u∗ (	u∗/u∗) and
w′θ ′ (	w′θ ′/w′θ ′) estimated using the stability functions taken from Holtslag and De Bruin
(1988) and the three other pairs of stability functions are plotted versus z/L . For both u∗
and w′θ ′, the difference is significant for z/L > 1. These situations are frequent at Dome C
and correspond to stable stratification associated with low wind speeds and weak turbulent
activity.
3.4 Sensitivity to Measurement Height
Beyond the capacity of the stability functions to estimate the correct turbulent quantities, the
quality of the estimation is considerably degraded if the meteorological measurements are
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(a) (b)
Fig. 9 a Relative differences between u∗ calculated by the bulk method using different stability functions
and values estimated using Holtslag and De Bruin (1988) functions versus z/L . In the legend, G07 refers to
the functions of Grachev et al. (2007), K94 to the functions of King and Anderson (1994) and L79 to the
functions of Lettau (1979). b Same as (a) but for w′θ ′
Table 3 Exact measurement
heights (h, in metres)
corresponding to the different
levels cited in the text
h: Temperature Wind
Level 1m 0.90 1.35
Level 2m 2.58 2.35
Level 9m 9.94 8.62
Level 17m 17.20 17.80
not performed in the constant-flux surface layer, where theMO theory is valid. The sensitivity
to measurement height is illustrated here by using the bulk method between the ground and
four different levels of measurements (Table 3). The 2-m level is used as the reference level
because it is close to the ground and because measurements at this level have been available
since January 2014 (whereas wind measurements at the 1-m level have only been available
since January 2015). The scatter plot in Fig. 10 illustrates the comparison. For unstable cases
(right panels), a good agreement is found between levels 1, 2 and 9m, suggesting that the
surface layer extends beyond a height of 10m in well-established unstable conditions.
In Fig. 10a, u∗ calculated in stable conditions at heights of 9 and 17m respectively can
differ significantly from u∗ calculated at the 2-m level with relative differences exceeding
200%. This pattern can be observed using the four types of stability functions we tested, and
the maximum biases are always observed for highly stable conditions (not shown here). The
main explanation for these differences is that the stable ABL at DomeC is very shallow (a few
dozen metres). The surface layer is thus a few metres or decimetres thick and measurements
made at a height of 9 and 17m respectively are often located in the part of the Ekman layer
where the values of the turbulent fluxes are significantly different from those at the surface,
or even above the ABL height. The wind profiles at these levels is thus not governed by the
classical MO relations.
In Fig. 10c, the heat fluxes in stable conditions calculated at levels of respectively 9 and
17m, differ significantly from fluxes at a height of 2m. The same behaviour can be observed
for the four types ofψh functions,with slightly smaller biases using theLettau (1979) function
(not shown here). This reflects the failure of the tested stability function for our data as z/L
increases, as discussed in the previous section. For both u∗ and w′θ ′ in stable conditions,
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(b)(a)
(d)(c)
Fig. 10 Turbulent fluxes calculated by the bulk method at different levels (detailed in Table 3) versus the
same fluxes calculated at the 2-m level. The top and bottom rows show u∗ and w′θ ′ results in stable conditions
(left column) and unstable conditions (right column) respectively. The red line is the first bisector; z0 is equal
to 0.56mm, z0t is calculated using the Andreas (1987) formula, and the stability functions used in stable
conditions are those of Holtslag and De Bruin (1988). The dataset used contains all data between January
2014 and February 2015 that respect the selection criteria (Sect. 2.2)
fluxes calculated at a height of 2m are in good agreement with those calculated at a height of
1m (cyan circles in Fig. 10a, c), except when u∗ < 0.07m s−1. The correlation coefficient
for stable conditions is 0.993 for u∗ and 0.963 for w′θ ′. These high correlation coefficients
suggest that applying theMO laws in the first 2m gives approximately the same surface fluxes
except during low wind conditions. For atmospheric modelling, it is thus recommended to
use a first model level height <2m to calculate the turbulent fluxes at the Dome C surface.
However, during low wind conditions, i.e. for well-stratified cases, even 2m is too high
compared to the depth of the surface layer, and further work is thus needed to find more
adequate stability functions, as shown in the previous section.
3.5 Annual Time Series of Surface Momentum Stress and of Sensible Heat Flux at
Dome C
Finally, based on the results of the sensitivity study in the previous sections, using the bulk
method, we estimated an annual time series of the friction velocity u∗ and of the sensible
heat flux (H) at Dome C using
• z0 equal to 0.56mm;
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Fig. 11 2014 time series of u∗ (a) and H (b). Ticks on the horizontal axis denote the first day of each month.
The thick black lines are the fluxes calculatedwith the bulkmethod (calc). The blue lines are the fluxes obtained
by eddy correlation using the sonic thermo-anemometer data set (ec). The orange shading shows the range of
variability of the bulk method (explained in the text). The thin horizontal black line in panel b is the zero line.
The gaps in the graphs are due either to data filtering, as detailed in Sect. 2.2, or to instrument failures
• z0t/z0 estimated using the Andreas (1987) relation;
• Stability functions for stable conditions taken from Holtslag and De Bruin (1988);
• Wind speed and temperature measurements at the 2-m level.
We also calculated 11 other similar annual time series of both u∗ and H changing the value
of z0 or the type of stability function for stable conditions. The four pairs of stability functions
as well as the maximum (6.3mm), mean (0.56mm) and minimum (0.01mm) values of z0
found in Sect. 3.1.1 were tested. The range between the maximum and minimum values of
the time series ensemble gives a reasonable estimation of the range of variability of the bulk
method.However, it is probably still underestimated because no pair of stability functionswas
shown to perfectly fit the data. Figure 11 shows the 2014 time series of the friction velocity
and of the sensible heat flux estimated by eddy correlation (blue curves) and calculated by
the bulk method (black curves).
Using the eddy-correlation data as references (when available), the estimation of the fluxes
by the bulk method was assessed using the efficiency statistical test (E) proposed by Nash
and Sutcliffe (1970),






whereRMSD is the root-mean-square deviation of the bulkmethod estimations from the eddy-
covariance values and σ is the standard deviation of the eddy-covariance values. An efficiency
index of 1means perfect agreement between the bulkmethod and the eddy-covariancemethod
(RMSD = 0). As E decreases from 1, the residual variance becomes larger than the variance
of the eddy-covariance data, meaning the bulk method is no longer appropriate. Results of
the 12 time series of u∗ and H are summarized in Table 4. In Fig. 11a, the friction velocity
varies between zero and 0.5m s−1, a range similar to that in Van den Broeke et al. (2005) at
Kohnen Station. The value of u∗ is in fair agreement in the two methods during the periods
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Table 4 Efficiency E of estimation of turbulent fluxes using the bulk method with respect to eddy-correlation
values
E u∗ H
z0 = 6.3mm z0 = 0.56mm z0 = 0.01mm z0 = 6.3mm z0 = 0.56mm z0 = 0.01mm
H88 0.294 0.629 0.0856 −0.694 −0.0380 0.568
G07 0.250 0.574 −0.1196 −0.715 −0.0699 0.530
K94 0.210 0.5423 −0.120 −0.720 −0.071 0.532
L79 0.239 0.689 0.212 −0.805 −0.037 0.576
Twelve different estimations were evaluated and differed by the value of the chosen z0 and the choice of
stability functions in stable conditions. H88 refers to the functions of Holtslag and De Bruin (1988), G07 to
the functions of Grachev et al. (2007), K94 to the functions of King and Anderson (1994) and L79 to the
functions of Lettau (1979)
when a comparison is possible. During the cumulated period for which both eddy-correlation
and bulk fluxes are available, u∗ estimated by eddy correlation is in the range of variability
of the bulk method (orange shading) 78.4% of the time. Table 4 shows that the efficiency of
the u∗ estimations is significantly improved for z0 = 0.56mm, i.e. for the mean z0 value.
This confirms the results obtained in Sect. 3.1 and leads to the conclusion that a dynamic
parametrization of z0 would enablemuchmore accurate estimation of themomentum transfer
over the Antarctic Plateau.
The sensible heat flux time series in Fig. 11b highlights two contrasted seasons. On the
one hand is the austral summer period, November to February, when the sensible heat flux
evolves with a clear diurnal cycle, as described in King et al. (2006). Negative night-time
values associated with stable nocturnal ABL extend to −20W m−2, while the averaged net
radiative loss equals −27Wm−2 in the middle of the summer ‘night’ (Argentini et al. 2014).
Summer daytime values of the sensible heat flux extend to 35W m−2 and are associated
with the convective response of the atmosphere to the surface radiation energy gain up to
50W m−2 at 1100 local time (Argentini et al. 2014).
On the other hand, in the winter period from March to October, the boundary layer is
usually well stratified because of a continuous net radiative loss of the surface with monthly
mean values close to −20W m2 (Argentini et al. 2014). As a consequence, the sensible heat
flux is almost always negative. The results we obtained with the bulk method show values
down to −80W m−2 during strong wind events in May and August.
The agreement between the eddy-correlation and bulk method sensible heat fluxes is
reasonable, the value estimated by eddy correlation being in the range of variability of the bulk
method 53% of the time. Some significant differences are observed inMarch, September and
October, i.e. during the months when the ABL is well stratified. The results of the efficiency
test for H in Table 4 may be surprising as they contradict the results for u∗, given that the
best estimations of H are obtained with the lowest z0 value: 0.01mm. The main explanation
for this contradiction is overestimation of heat mixing by the common stability functions in
stable conditions. Fixing a lower z0 leads to a lower z0t using the Andreas (1987) formula
(Table 2) and thus reduces the estimated heat mixing. This improved efficiency when H is
calculated with a low z0 is therefore not physical but is due to a fallacious compensation for
overestimation of mixing by the stability function by a lower roughness length. Estimating
more appropriate stability functions (including air radiative cooling, for instance) is thus
recommended to correctly compute the sensible heat flux in very stable conditions.
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4 Conclusions
A rich meteorological dataset at Concordia Research Station was used here to estimate the
sensitivity of the calculation of the friction velocity and of sensible heat fluxes using the bulk
method. The choices of roughness length and stability functions in stable conditions as well
as the measurement height were assessed. The results can be summarized as follows.
The aerodynamic roughness length exhibits a strong dependence on wind direction
because of the prevailing direction of the sastrugi. Another dependence on surface tem-
perature was also highlighted, but so far no clear explanation was found for this behaviour.
The z0 values over the flat surface of the Antarctic Plateau scatter in a range greater than two
orders of magnitude, in agreement with the results of previous studies. The mean z0 value
obtained was 0.56mm; using a constant z0 in the friction velocity calculation with the bulk
method thus leads to biases of up to several tens of per cent. The next step in improving the
modelling of the surface wind stress over the Antarctic Plateau could be the development of
a dynamic parametrization of the sastrugi form drag, which accounts for wind direction, the
aerodynamic adjustment of the sastrugi (Amory et al. 2016b) and drifting snow (Gallée et al.
2001). Observations of surface roughness using a laser scan could provide new information
to advance our understanding of sastrugi development and dynamics.
The roughness length for temperature z0t was shown to follow the theoretical model of
Andreas (1987) reasonably well, except when the flow was perpendicular to the prevailing
direction of the sastrugi. Following Smeets and van den Broeke (2008), we propose the
hypothesis that the snow in the depressions between sastrugi is better ventilatedwhen the near-
surface flow crosses the sastrugi. However, further measurements are needed to corroborate
these results. For smooth Antarctic surfaces, we thus recommend using either the Andreas
(1987) relation or, at the first order, a value of z0t one order of magnitude lower than z0.
Choosing z0t > z0 to counterbalance the non-representation of wave activity as found in
Cassano et al. (2001) for the Halley Research Station in our case led to overestimation of the
amplitude of the heat flux and is not recommended.
Four typical pairs of dimensionless gradients for stable conditions were evaluated using in
situ data, but none provided accurate results for Dome C conditions. They slightly overesti-
mated the mixing of momentum at a height of 3.5m, probably because the sonic anemometer
protrudes beyond the atmospheric surface layer. Marked underestimation of φh by all the
models except that of Lettau (1979) was also observed, and the near-surface radiative diver-
gence is suspected to be responsible for these biases, particularly when turbulence collapses.
Accurate observation of near-surface radiative divergence over the Antarctic Plateau, as well
as its integration in the calculation of turbulent flux, is therefore a challenge for the future.
Other effects, such as the impact of the free atmosphere in the ‘long-lived’ stable Antarctic
ABL (Zilitinkevich and Calanca 2000; Zilitinkevich 2002) and the contribution of internal
waves to the mixing which may result in an increase in the Prandtl number (φh/φm) with
stability (Anderson 2009), also deserve further investigation.
As the stable boundary layer at Dome C can be very shallow, the calculation of the surface
turbulent fluxes in stable conditions is very sensitive to the height at which wind speed and
temperature aremeasured. In the present study, the agreement between calculations at heights
of 1 and 2m leads us to recommend a first model height <2m.
Finally, the first 2014 time series of u∗ and of the sensible heat flux for Dome C were cal-
culated by the bulk method. Two seasonal summer/winter regimes were clearly identifiable,
and the maximum sensible heat flux values were found during strong wind events in winter
and reached −80W m−2.
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Although the meteorological settings of Concordia enable in-depth analyses of the ABL
using in situ observations, our study also revealed the difficulty involved in obtainingmeasure-
ments or estimations of turbulent quantities over theAntarctic Plateau. Further advances in the
understanding of ABL processes over the Antarctic Plateau should be enabled by the Gewex
Atmospheric Boundary Layer Study 4 (GABLS4) models’ inter-comparison programme
over Dome C, in which climate and weather forecast models and large-eddy simulations are
involved (http://www.cnrm.meteo.fr/aladin/meshtml/GABLS4/GABLS4.html).
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Appendix
Appendix 1: How Does One Remove Non-stationary Data
Assuming horizontal homogeneity and negligible effects of the Coriolis force, the simplified
equations for wind speed and potential temperature in the surface layer in time-varying













Further explanations concerning the notations are given in Sect. 2.3. The surface layer in
which the MO theory is valid is often defined as the layer across which the turbulent fluxes
do not diverge more than 10% in norm (Stull 1990), i.e.






|θ ′w′z − θ ′w′s |
z
<
0.1 |θ ′w′s |
z
, (15)
where the s indices refer to surface values, and z indices refer to values at height z in the
surface layer. Approximating time and spatial derivatives by bulk gradients(∂ ≈ 	) and









Taking 	t = 30min (period of data averaging before storage), u′w′s ≈ 0.015m2 s−2,
θ ′w′s ≈ 0.01m Ks−1 (typical values for Dome C), z = 0.9m for the temperature measure-
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ment height and z = 2.35m for the wind measurement height in the surface layer, we obtain
	θ < 2K and 	u < 1.1m s−1. In other words, the stationary conditions to apply the MO
theory are guaranteed if the variations in temperature and wind speed over a 30-min period
are lower than the aforementioned thresholds. To ensure this condition was met, we removed
all the 30-min data for which the differences in temperature or wind speed from the previous
half-hour were above the thresholds 	θ and 	u respectively.
Appendix 2: How Does an Error in θ∗ Affect the Estimation of z0t Using MO
Similarity Equations?
Equation 3 applied to measurements at height zt and the ground can be written as,













and writing θ(zt ) − θs = 	θ , this directly leads to an expression for z0t :















and in near-neutral conditions, ∂φh/∂θ∗ is negligible, and thus an error ∂θ∗ on θ∗ results in
an error ∂ ln(z0t ) proportional to θ−2∗ . Given that θ∗ is very small when the ABL stratification
tends to neutrality, the error made on z0t is significant.
Appendix 3: Dimensionless Gradients for Stable Conditions
We recall here the relations for the dimensionless gradients taken from the literature and
compared in the present study; ζ denotes the stability parameter z/L .
• Holtslag and De Bruin (1988):
φm(ζ ) = φh(ζ ) = 1 + 0.7ζ + 0.75ζ(6 − 0.35ζ ) exp(−0.35ζ ). (21)
• Grachev et al. (2007):
φm(ζ ) = 1 + 6.5ζ(1 + ζ )
1/3
1.3 + ζ , (22)
φh(ζ ) = 1 + 5ζ + 5ζ
2
1 + 3ζ + ζ 2 . (23)
• King and Anderson (1994)
φm(ζ ) = 1 + 5.7ζ and φm(ζ ) < 12, (24)
φh(ζ ) = 0.95 + 4.99ζ and φh(ζ ) < 12. (25)
• Lettau (1979)
φm(ζ ) = (1 + 4.5ζ )3/4, (26)
φh(ζ ) = (1 + 4.5ζ )3/2. (27)
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